UNCLASSIFIED 


DEFEKSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 


CAMEROM  STATION  UEXANDRIA.  VIRGINIA 


RAPED  AT  3 ’'®AR  INTERVALS: 
DECLASSIFIED  AFTER  12  IFJARS 
DOD  DIR  5200  10 


UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DECLASSIFIED 
AND  CLEARED  FOR  PUBLIC  RELEASE. 


DISTRIBUTION  A 
APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED. 


LOT  TE>"PER&TU.RE  AUTOXID&TIOF  OF  HYDEOGARBOUS 
The  Kinetics  of  Tetralin  Oxidation. 


TEdmiCA-L  REPORT  RUI^HE  VI  TO  THE  NAVY  DEPART^®!  UNDER 
CaMTR.';CT  H6onr-26309  WITx'T  THE  OFFICE  OF  NAVAL  RESEARCH 
AND  THE  POLYTECHtllC  TTSTITOTE  OF  BROOKLYN 


LOW  TEH^^ERiiTURE  AUTOXmiTKBJ  OF  HYDROCARB®Ss 
The  Kinetics  of  Tetralin  Oxidation. 


by  - 


Arth’or  E.  Woodward  and  Robert  B.  'fesrobian 
Institute  of  Polymer  Research,  Polytechnic  Institute  of  Brooklyn 


Project  Number  NR330-010 
February  28,  1953 
Brooklyn  1,  New  York 


Km  TfiMPERATimE  AUTOXIDATIOT  OF  HYDEOCfcRBtfeJS  I The  Kinetics  of 

Teti^lih  Oxidation I 

— by  f — 

Arthur  E.  Woodward  and  Robert  B.  Wssrobian 
Institute  of  Polyrner  Research,  Polytechnic  Institute  of  Brooklyn. 


The  liquid  phase  oxidation  of  tetralin  (l)  has  bom  studied  by 
several  investigators^”®.  The  recent  work  cf  Bamford  and  Domr® 
clearly  den^onstrated  that  this  oxidation  is  a radical  chain  process 
following  the  generiil  scheme  of  Holland  and  Gee  for  autoxidation 
reactions.  The  initial  product  formed  in  the  reaction  is  the 
hydroperoxide  (ll). 


1,2,3,4-TetrahydrouaphthalenO  Tetralin  Hydroperoxide 
(Tetralin) 


and  a number  of  oxygenated  products  are  formed  after  extensive 
oxidation®,  Heavy  metal  ions  have  been  shown  to  greatly  accelerate 
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the  oxidation  -f  tetrr.lin  as  well  as  the  doccinposition  .if  the 
hydroperoxide'’”  s The  mechanism  of  these  reactions,  howoveri»  is 
quite  complicateii  and  there  does  not  cppear  to  be  any  unified  con-^ 
oept  of  -tJie  role  thrt  metr.l  activators  play  in  these  reactions. 

In  this  article,  studies  are  presented  on  the  kinetics  of  tho 
thermal,  free  radical  initiated  (benzoyl  peroxide  and  azo-bis-iso- 
butyronitrilo),  and  heavy  metal  activated  (oobaltous  ion)  oxidation 

O 

of  tetralin.  In  an  earlier  article  , a general  discussion  of  tlie 
kinetics  of  c.utoxidation  reactions  ms  presented.  By  a straight- 
forward mathematical  extension  of  the  mechanism  presented  by 
Holland  and  Goe"^  f ir  ethyl  linoleatc  oxidation,  certain  features 
regarding  the  extensive  autoxidation  of  hydrocarbons  were  predicted, 

_ These  features  predicted^  that  are  pertinent  to  the  work  presented 
in  this  article,  imy  be  sunmii.rized  as  followsi  (i)  the  occurrence 
of  steady,  maximum  rates  of  hydrocarbon  oxidation,  (ii)  independence 
of  the  mximum  rate  of  oxidation  on  the  presence  of  activators 
(e,g,  heavy  metal  ions)  despite  the  pronounced  effect  that  those 
agencies  may  have  on  the  initial  rate  of  reaction,  (iii)  the 
ocaurrenoe  of  steady  concentrations  of  hydroperoxide  acoompanying 
the  maximum  rate  of  oxi:le.ti  n,  (iv)  specifio  dependencies  of  the 
maximum  rate  of  oxidation  and  steady  concentration  of  hydroperoxide 
on  hydrocarbon  concentration  and  temperature  of  reaction.  The 
studies  of  tetralin  oxidation  were  undertaken  in  an  attempt  to 
experimentally  explore  these  four  items  and  to  demonstrate  any  unique 

(8)  A,  V.  Tobolsky,  D,  J.  Tfetz  rnd  R,  B.  Jfesrobian,  J.  iin.  Chem,  Soc., 
72,  1942  (1950). 


relationship  that  *nay  exist  betrrecn  the  therriral,  free  radioe.l 
initiated,  and  ’netal  actiTO.tod  oxidation  reactions. 

Tetralin  was  employed  in  this  v/ork  because  mny  of  its  Icinetio 
features  have  already  been  established  and  because  it  is  readily 
available.  In  addition,  it  is  one  of  the  few  hydrocarbons  that 
yields  a solid,  readily  purifiablc  hydroperoxide-.  As  will  bo  dis- 
cussed later,  the  availability  of  the  pure  hydroperoxide  is  of 
considerable  aid  in  establishing  a suitable  oxperimen-tal  procedure 
to  measure  the  steady  concentration  of  hydroperoxide  in  oxidizing 
systems, 

BXP~RI^»EMTAL 

Reagents; 

Tetralin  (^isher  Scientific,  purified  grade)  was  -vmshod  with 
eono.  sulfuric  acid  until  the  washings  were  colorless  and  then 
washed  repeatedly  with  distilled  vaitcr  and  stored  over  anhydrous 
magnesium  sulfate;  Prior  to  use  it  v/as  distills’  under  purified 

nitrogen' an-d  the  fraction  distilling  at  46 collectod.  The 

^ 

purified  product  ga-Te  no  response  to  peroxide  tests, 

Tetralin  hydroperoxide  was  prepared  by  air  oxidation  of  totra- 
lin.  Purified  tetralin  (700  ml.)  wr.s  placed  in  a 1-liter  round 
bottomed  flask  fitted  irtth  roflux  condenser.  Dry  air  was  blown 
through  the  solution  for  48  hours  at  70*C,  The  oxidized  mixture 
was  then  concentrated  t .-  150  ml,  by  vacuum  distillation  at  60® 
bath  tempera-turo.  The  concentra.ted  solution  was  cooled  to  -5®  for 
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12  hciurs  an'’  the  mterir  1 that  crystallized  collected  on  a sintered 
?;lass  filter.  The  product  ttxb  fiirther  crystallized  throo  times 
from  petroleum  other  (boiling  range  40-60*)  and  dried  under  -vacuo 
at  room  temperature*  It  was  sometimes-  found  craavenient  to  carry 
out  the  second  crystallization  in  the  presence  of  activated  charcoal 
in  order  to  remove  discolorations,  (n.p.  55*7-56*,  yield  7-10^  of 
theoretical).  The  peroxide  content  agreed  vrith  the  theoretical 
■value  within  the  limits  of  error  of  iodometrio  determinations. 
Benzene  (»tillinckrodt,  analytical  reagent)  was  stored  over 
sodium. 

Diphenyl  (City  Chemical,  technical  grade)  was  crystallized 
three  times  from  petroleum  ether  (b.' range  40-60*)  andHriod  in 
vacuo. 

Acetic  aci.1  (J,  T.  Baker,  glrcial,  analyzed  reagent)  was  used 
as  received  from  freshly  opened  bottles,  T"'  insure  the  absence  of 
vnter,  1%  by  volumo  acetic  anhydride  was  added  24  hours  before  use. 
Anhydrous  oobaitous  acetate  w*is  prepared  by  the  proccciure  of 
Bawn  and  .iTilliamson®,  Cobaltous  acetate  tetrahydrate  (Fisher 
Scientific,  tested  purity)  v/as  ground  to  a fine  powder  and  <y*iod  to 
constant  weight  in  a vacuum  o-ven  e.t  100*  and  1 mm.  pressure,  , The 
anhydrous  material  was  s-tored  in  a dossicator  o-vor  phosphoric 
anhydride , 

(9)  C.  E.  H.  Bawn  and  J.  B.  'Tilliamson,  Tro-ns.  Faradny  Soo.,  47, 
721,  735  (1950). 
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Benzoyl  peroxide  (Fiehor  Scientific  c*p*  gi*ado)  Tras  used  as 
received. 

2,2’ -Azo-bis-ieobutyronitrila  (m.p.  103-104“)  was  prepared  and 

10 

purified  according  to  the  method  of  Overberger  ot  al,  as  adapted 
from  the  prooedui o of  ^hiole  and  Houser^^. 

Reagent  grade  materials  were  employed  in  the  analytical 
procedure  for  estimation  of  hydroperoxides. 

Apparatus 

A diagram  of  the  oxygen  absorption  apparatus  is  shown  in  Figure 
I.  Two  reaction  flasks  wore  used  (50  or  125-ml.)  depending  upon  the 
volume  of  the  solution.  Tho -temperature  fluctuation  in  the  oil  bath 
was  determined  with  a Beckmann  themcnoter  and  found  to  be  constant 
within  i"  0.06*.  Silicon  oil  wqe  used  as  the  manometer  fluid  since  it 
is  inert  to  oxygon,  has  a lovr  vc.por  pressure  and  due  to  its  low 
density  is  more  sensitive  than  mercury  tr  pressure  changes. 

Procedure t 

The  procedure  employed  for  measurements  of  oxygen  absorption  in 
the  therms  1 and  benzoyl  peroxide  or  azo-bis-isobutyronitrilc  catalyzed 
runs  was  as  followsi  The  reaction  flask  was  cooled  to  Dry  Ice 
temperature  prior  to  addition  of  reactants.  Each  reagent  '.vas  then 
/» 

(10)  C.G,  Overberger,  M.T.O’Shaughnossy  and  H,  Shalit,  J,  Am.  ^hera. 

Soc„  "Uj  2661  (1949). 

(11)  J.  Thiele  an':  C,  Houser,  Ann.  290,  1 (1896), 
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added  separately,  allcv/ing  sufficient  ti»ne  for  each  component  tc  turn 
solid.  The  system  -vtc-s  evacuator’.  and  flushed  v/ith  oxygen  throe  times. 

The  reaction  flask  «ms  then  warmed  to  roor^  temperature  and  immedi?  tely 
inserted  in  the  shaking  rack  maintained  in  the  oil  bath.  Excess  oxygon 
pressure  formed  during  the  'mimttng  period  was  released  from  the  system. 
The  reactants  ware  maintained  at  bath  temperature  for  four  minutes  be- 
fore taking  the  first  reading.  The  oxygen  pressure  in  the  system  was 
maintained  constant  by  frequent  manipulation  of  the  level  of  the  gas 
burette.  The  runs  were  carried  out  under  oxygen  at  atmospheric  pressure. 
An  alternate  procedure,  used  in  studies  of  metal  catalyzed  oxidation, 
differed  from  the  above  in  the  following  manner.  The  reactants  were 
separately  heated  tc  the  temperature  of  the  run  and  then  rapidly  added 
tc  the  reaction  vessel  maintained  in  the  oil  bath.  The  uptake  of 
oxygen  was  recorded  one  minute  after  addition  of  reactants.  Tho  latter 
procedure  was  required  for  netal-catalyzed  runs  in  the  presence  of  added 
hydroperoxide  since  the  oxidatiens  were  rapid  ana  therefore  required  as 
short  a time  as  possible  for  temperature  equilibration. 

Peroxide  Determinations  t 

Tho  o^nalytical  procedure  used  for  all  hyr.r.peroxicie  estimations 
was  essentially  the  method  described  by  Vfagner,  Smith  and  Peters^^, 

This  iodometric  procedure  appears  to  be  very  satisfactory  for  totralin 
hydroperoxide.  Although  it  might  bo  expected  that  the  endpoint  for 

(12)  C.  C.  Wagner,  R,  R.  Smith  and  D.  Peters,  Anal,  Cherr.,  19, 

976  (1947). 
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icicnotric  titrations  in  the  presence  of  o->bnlt  ion  would  be  diffioult 
tr  deteionine,  it  was  noted  that  the  green  color  due  to  the  addition 
of  an  aliquot  of  cobalt  ion  in  acetic  acid  to  an  isopropyl  alcohol 
solution  of  sodiuT^  iodide  could  bo  oonpletely  discharged  by  addition 
of  a swr.ll  amount  of  water.  Accordingly,  titrr.ticns  of  iodine 
liberated  from  samples  containing  hydroperoxide  and/or  cobalt  ion 
could  be  titrated  XTith  thiosulfate  to  a colorless  endpoint. 

T^aauretnent  of  ^droperoxide  Docomposition 

Measured  quantities  of  the  solvent  or  solvents  containing  cobalt 
acetate  were  pipetted  into  a 250  ml.  Erlenmoyer  flask  and  the  flask 
closed  Tinder  air  with  a ground-glass  stopper.  The  contents  were 
heated  to  the  desired  temperature  in  the  same  constant  tomperaturo 
bath  used  for  the  oxidati^'ns,  A weighed  quantity  of  the  hydroperoxide 
was  added  and  the  flask  shaken  tc  ciis solve  the,  peroxide.  An  aliquot 
Tvas  irnmodiutely  removed  for  iodometrio  titration  in  order  to  establish 
the  initial  peroxide  cvnoentration,  and  subsequent  samples  were  taken 
at  time  intervals  dependent  upon  the  rate  of  the  reaction. 

Measuremont  of  the  Steady  Concentraticn  of  Hydroperoxide 

These  measurements  vrero  made  on  multi-component  systoms  consisting 
of  tetralin,  tetraliu  hydroperoxide,  solvent,  and,  Tvhonever  used, 
coboltous  acetate.  An  initial  rate  wethod  ivas  used  to  specify  the 
steady  concentration  of  hydroperoxide,  In  this  procedure,  a exvon 
Fi.Tnount  of  pare  hydroperoxide  vras  added  to  the  -.-thcr  reagents 


previously  placed  in  the  reaction  vessel  of  the  oxygen  absorption 
apparatus.  Reaction  conditions  identical  with  oxygen  absorption 
Tneasurertents  were  maintained,  Hewever,  instead  of  recording  oxygen 
absorption,  aliquots  of  the  reaction  mixture  were  removed.  The 
first  aliquot*  taken  immediately  after  addition  of  the  hydroperoxide 
served  to  establish  the  peroxide  value  at  tero  time  and  the  seoond 
aliquot,  removed  at  a later  fixed  time  interval*,  indicated  the  not 
increase  or  decrease  in  peroxide  content  of  the  system.  If  the 
amount  of  peroxide  initially  added  was  greater  than  the  steady  con* 
contration  of  the  system,  a not  decrease  in  peroxide  value  during 
oxidation  was  recorded  and  vice  versa.  Through  a series  of  successive 
measurements  a peroxide  ccmtont  was  established  which  showed  a minimal 
change  in  value  between  the  first  and  second  readings.  The  data 
recorded  in  a typical  sequence  of  runs  are  summarized  in  Table  I, 

In  viow  of  the  fact  that  the  amount  of  peroxide  actually  docomposod 


*The  ti^e  required  for  tho  socond  reading  was  chosen  in  the  following 
way.  In  order  that  a steady  ooncentrotion  of  peroxid.e  be  maintained 
in  an  oxid.izing  system,  it  is  necessary  that  the  rate  of  peroxide 
foimnntion  be  equal  to  its  rate  of  doco’^positi  n,  Exving  previously 
measured  the  steady,  maximum  ruto  of  oxygen  absorption  this  rate 
could  then  be  enplcyed  to  calculate  the  time  interval  wherein  loss  than 
10^  nf  the  initially  added,  poroxid.o  (at  tho  steady  concentration) 
would  have  decompf  sed.  Gonurally,  tires  onc-half  this  vo.luc  vrore 
employed.. 


TABLE  I 


DETEBMIRATIOT  of  the  steady  cchosntfatkxt  of  TETEALIN  HYDROPEROTCIDE 
in  THE  OKID/iTICRi  OF  TEXmLPi  ACTIVATED  BY  COBALT  ACETATE  AT  8l“C. 
(TetraXin  « 1,22  '!v/XtCoAo2**0,002  ty*’l  in  acetic  acid). 


■ROOHJ 

A ROOH  m/l 

_ 0.0461 

0.0486 

♦ 0.0025 

0,0511 

0.0655 

+ 0,0022 

0.0567® 

0.0657 

0.0000 

0.0600 

f 0.0680 

- 0,0020 

Best  value  for  the  steady  concentration  of  |ROO^ 


within  the  time  of  the  experiment  we  3 less  than  10  per  cent,  it  is 
believed  that  this  procedure  constitutes  a type  of  initial  rate 
measiu'ement.  The  advantage  of  the  technique  is  that  the  change. in 
tetralin  orncentration  during  reaction  is  negligibly  small  and  that 
any  products  of  peroxide  decomposition  which  may  import  an  iixhibitory 
effect  to  the  reaction  are  held  to  a minimal  value.  This  technique, 
however,  is  subject  tc  the  usual  limitations  of  initial  rate  studies 
inasmuch  as  it  is  not  possible  to  evaluate  the  magnitude  of  the 
errors  involved,  ^ ..  T ’ 

Dependence  ''-f  Oxidation  Rate  on  Shaking  Speed 

In  order  to  determine  the  proper  shaking  speed  of  the  reaction 
vessel  sho’.vn  in  Figure  I,  studies  were  made  on  the  dependence  of 
oxidation  rate  on  shaking  speed.  The  results  are  sumtrarizoc'.  in 
Table  II  for  a typical  I’eaction  condition.  Additional  determinations 
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were  Tnade  for  runs  carried  out  vmder  different  conditions  of  tempera- 
ture and  concentrs-tion  of  reactants*  It  was  fo\ind  that  a shaking 
rate  of  150  strokes  per  minute  was  sufficiently  rapid  to  ensure 
oxidation  rates  independent  of  shaking  speed. 


TABLE  II. 


THE  EFFEGT  OF  SH?;.KIBG  SPEED  OR  RATE  OF  OXIHiTION  OF  TETR/iLffi 
CHlOROBarZiNE  AT  50*C.  CATALYZED  BY  AZO-BIS-ISOBUTYROfllTRILE^ 


Shaking  Rate 
Strokes/min. 


0 

60 

100 

124 

236 


Rate  of  Oxygon  Absorption 
T'oles  Oxygen  Absorbed/35  ml. 
Solution/nin.  x 10° 


2.0 

7.28 

7.28 

7.30 

7.20 


RES'-LTS  A>TP  DISOTSSIQTt 

Oxidations  Initiated  by  Benzoyl  Peroxide  and 
Azo-bis-iSobutyrr.nitrile 

Bamford  and  Dewar  have  demonstrated  by  photosensitized  oxidation 
studies  of  tetralin  that  this  reactior;  follov/s  the  general  autoxidation 
scheme  of  Eolland  and  Gee^,  On  the  basis  of  this  scheme the  oxida- 
tion of  tetralin,  initiated  by  benzoyl  peroxide  (Bs02)  or  azo-bis- 
isobutyronitrile  (AZBIT)  at  high  oxygen  pressure  (greater  than  50  imi, 

g 

Hg.  of  oxygen  ) may  be  written  as  follows j 


- in  - 


Initiator 


(lA) 

(2A) 

(SA) 

(4A) 


R* 


+ ©2 


ROg*  ♦ RH 
RO2  • ■♦RO2  • 


•^7  . 

•>  2R  (Vi) 

^2  ^ 


RO2* 

ROOH  ♦ R* 
ROOR  ♦ ©2 


(A) 


Kinetic  analysis  of  mechanism  (A)  leads  to  the  following  rate 
expression  for  oxygen  absorption,  when  the  production  of  radicals 


occurs  only  by  deoon^josition  of  the  initlatort 

-djOgV^t  - k3  Vi^Qffif} 

*12^ 


(1) 


where  Vi  is  the  velocity  of  the  initiation  step  and  RH:  is  the 
hydrocarbon  concentration. 

If  the  velocity  of  initiation  may  be  defined  as  the  rate  of  unimolecular 
decomposition  of  the  initiator,  times  the  efficiency,  of  initiation 
of  oxidation  chains,  then  equation  (l)  mt.y  be  expressed  asj 


_ i i 

-djOgJ/dt  lc3(oik:7/2k6)®/R^  [jnitinto^*  (2) 

where is  the  efficiency  of  initiatirn,  i.e,,  the  ratio 
of  the  number  of  oxidation  chains  started  tc  the  number 
of  inltiAtor  molecules  dcocmposod. 

In  the  case  of  totralin  oxidation  initiated  by  either  BzOg  er  AZM, 

Bateman  and  ^'^orris'*’  have  recently  shown  that  is  the  same  for 

both  initiators  (i.e,,  ®azKJ'^®Bz02  ~ approximately 

close  to  unity.  Values  of  Cj^  greater  and  smaller  than  tevo  were  found 
with  other  olefins,  although  the  thooroticai  value  for  e^,  as  defined 
abovo,  should  bo  two.  The  iinimolocular  rate  constants  (ky)  fer  Bz©2 
and  AZHJ  decomposition  have  been  measured  by  Bawn  and  Melish^^  using 

(13)  L.  Bateman  and  1.,  L.  TK^rris,  Trans.  Faraday  Soc.,  48,  1149  (1952). 

(14)  C.E,H,  Bawn  and  S.F.  J^eiish,  ibid.,  47,  1216  (1951J7 
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an  inhibitor  method 


On  the  basis  of  equation  (2)  tho  rtxte  of  tetralin  oxidation 
should  be  first-order  with  respeot  to  tetmlin  concentration  txnd  one- 
half  order  with  respect  to  initiator  concontmticn.  Figure  II  re- 
presents the  data  obtained  by  oxidation  of  tetralin  in  chlorobonsone 
solvent  at  60*  at  various  initial  ccaacontrations  of  AZBN.  The  extent 
of  oxidation  was  maintained  at  less  than  10^  in  order  that  the  totra- 
lin  boncehtration  remain  essentially  constant.  In  addition,  the 
total  time  of  each  run  was  small  compared  with  the  life  time  of  the 
catalyst  (lOjS  doccmpositinn  in  19  hours)  at  this  temper&turo,  so 
that  this  concentration  also  may  be  considered  constant.  Figure  III 
represents  a logarithmic  plot  of  oxidation  rate  vs,  AZBH  concentration 
as  determined  from  the  data  of  Figure  II,  whence  it  is  noted  that  the 
rate  is  dne-half  order  with  respect  to  AZHT,  The  plots  represented  in 
Figures  17  and  V on  oxidation  rate  vs,  tetralin  concentration  at 
constant  AZBR  concentration  domonstrate  that  the  oxidation  rate  is 
also  first-order  with  respeot  to  tetralin  concentration.  Jheso  obser- 
vations are  in  agreo’^ent  vrith  the  rate  expression  given  in  oque.tion 
(2). 

Oxidations  Activated  by  Cobalt  Ion; 

QIC 

Bavm  and  co-workers  * hr.ve  shown  that  hydrocarbons  undergo 
rapid  oxidation  in  the  presence  of  anhydrous  cobaltous  acetate  in 

w— — n I ■ f ■nil  ■■  Ml  I II  ■ 9 I I ■ I I t I ■ ^ mmtmm. 

fl5)  (a)  C.E.H.  Ba'm,  A,A,  Pennington  and  C,P,H.  Tipper,  Fairaday 
Society  Discussion  10.  252  (1961)j  (b)  C.E.H.  Baovn  and 
A . G, '-‘tliite , J . Chem.  Soc,,  531,339, (dy  C.E.H. 

Bawn,  Faraday  Society  Discussion,  Sept.  1952  (to  be 
published). 
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Rcotic  acid  solvent.  In  certain  instances  the  net&l  icn  can  react 
direotlj'’  ^Tith  the  hydrocarbon  to  initiate  oxidation  chains,  although 
TTiore  generally,  the  role  of  the  Tictal  ion  is  to  generate  radicals  by 
reaction  with  hyr’rcper oxide.  It  has  been  postulated  that  small 
amounts  of  cobalt  ion  can  promote  the  decomposition  of  a largo  quan- 
tity of  hydroperoxide,  possibly  by  reactions  of  the  typci 


ROOH  ♦ Co-^  — 

R0«  ♦ HO'  ♦ Co‘*3 

(B) 

ROOH  + Co-*3  — 

> R02»+  ♦ Co+2 

(c) 

These  reactions,  however,  ar«  very  complicated,  particularly  since 
the  cobalt  functions  as  a complex  ion,  and  oxidations  initiated  in 
this  manner  do  not  render  the  relatively  strai^t-forward  kinetics 
obtained  with  oxidations  initiated  by  BtOg  or  AZE^j 

If  the  oxidation  of  tetralin,  activated  by  cobalt  ion,  may  be 
represortod  in  the  following  manner. 


(IB) 

ROOH 

+ nCo*^'(or  Co*^)  R 

(2B) 

R- 

kp 

02  R02* 

(SB) 

ROg* 

♦ RH  > ROOH  + R* 

(4B) 

ROg» 

k0 

then  it  is  apparent  that  this  oxidation  will  exhibit  autocatalysis 
since  the  hydroperoxide  fomed  during  oxidation  will  subsequently 
react  with  cobalt  ion  and  continue  the  chain  process.  The  kinetic 
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expression  for  the  rate  of  oxidation  ivhen  peroxide  decomposition  is 
negligible  oompared  with  its  rate  of  formation  is; 

^[02j/dt  = k3(ki72k6)'^(Mi  JROOIQ^  jCo +2 (3) 

It  may  be  seen  from  equation  (3)  that  the  rate  of  oxidation  is 
proportional  the  instantaneous  oonoentration  of  hydroperoxide  in 
the  oxidliing  system  as  well  as  the  concentrations  of  hydrocarbon 
and  cobalt  ion. 

As  the  oonoentration  of  h3rdroperoxide  in  the  system  increases 
with  time,  the  rate  of  decomposition  of  hydroperoxide  will  eventu- 
ally equal  the  rate  of  formation  of  hydroperoxide  and  this  v/ill  then 
lead  to  the  appearance  of  a stationary  or  steady  concentration  of 

b 

hydroperoxide  . The  magnitude  of  the  steady  concentration  of  hydro- 
peroxide will  be  given  by  the  expressions 

On  substitution  of  the  value  of  ^00^^.  in  equation  (4)  into  the 
hydroperoxide  term,  on  the  right  hand  side  of  equation  (3),  the  rate 
of  oxidation  is  given  by; 


(6) 

o 

As  discussed  previously  , this  rate  expression  corresponds  to  the 
maximum  rate  of  oxidation  of  tetralin  at  a given  temperature  and 
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hydrooartion  ooncentration  since  the  rate  is  independent  of  the 
cobalt  activator  coacentratioaa.  An  equation  identical  with  equa- 
tion (6)  can  also  be  derived  for  the  purely  thomal  oxidation  of 
tetralln  in  the  advance  stage  of  oxidation  where  a steady  concentra- 
tion of  hydroperoxide  has  been  attained,  In  this  case  the  initiation 
step  occurs  via  the  iiiernsal  decomposition  of  hydroperoxide. 

The  ejq)erimontal  verification  of  equation  (5)  and  also  equation 
(4)  for  the  oxidation  of  tetralin  in  acetic  acid  activated  by 
oobaltous  ion  will  now  be  discussed. 

The  rate  of  oxidation  of  tetralin  at  several  concentrations  of 
cobaltous  aoetate  at  60*C.  is  represented  in  Figxare  VI,  At  the 
lowest  cobalt  oonoentration  "there  is  an  appreciably  long  inhibition 
period,  followed  by  a s"tage  of  oxygen  absorption  exhibiting  a con- 
stantly accelerating  rate  of  oxidation  "which  after  appr oxime toly  70 
minutes  approaches  a steady  or  "maxiinum  ra-te  of  oxidation.  At  the 
higher  cobalt  ion  c on o on t rations,  the  time  of  the  induction  period 
and  the  auto  acceleration  period  are  shortened  whereas". the. steady 
rate  attained  in  all  three  cases  is  the  same,  Tho  inhibition  stage 
noted  at  the  lower  cobalt  concentrations  is  believed  to  be  due  to 
the  initially  slow  accumulation  of  sufficient  h3rdroperoxidc  in  the 
system  to  enable  the  step  (ID)  in  mechanism  (D)  to  serve  as  the 
impor"fcant  initiation  stop  in  the  oxidation  reaction.  Initiation 
of  oxidation  by  direct  reaction  of  cobalt  ion  with  tetralin  should 
not  exhibit  any  inhibition  period.  If  a smll  traoe  of  tetralin 
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hydroperoxide  is  added  to  tetralin  prior  to  tho  start  of  oxidation 
run  at  thy  low  cobalt  acetate  conoontration,  the  inhibition  period 
is  almost  completely  eliminated.  This  effect  is  clearly  demonstrated 
in  Figure  VII  ■vdiors  the  rates  of  oxidation  are  shotm  for  systems 
containing  small,  initial  amounts  of  added  hydroperoxide. 

Figure  VIII  represents  the  dcpondonoe  of  the  rate  of  totralin 
oxidation  on  the  conoontration  of  hydrocarbon  at  50*.  At  each 
concentration  of  tetralin  the  rate  of  oxygen  absorption  approachos  a 
steady  or  tnaxiTmun  value,  A trace  of  tetralin  hydroperoxide  was  added 
to  tho  system  prior  to  each  run  in  order  to  eliminate  the  induction 
period.  A logarithmic  plot  of  tho  steady  rates  of  oxidation  from 
Figure  (VIII)  versus  the  tetralin  concentration  is  sho^va  in  Figure 
(rx)  whence  it  is  noted  that  the  steady  rate  of  oxidation  is  propor- 
tional to  the  square  of  tho  tetralin  concentration.  The  square 
dependence  of  oxidation  rate  oh  tetralin  concentration  and  the  zero- 
order  dependence  on  cobalt  acetate  concentration  arc  in  complete 
agreement  with  equation  (5),  derived  from  the  maximum  rate  theory 
of  oxidation. 

In  addition  to  the  measuroments  of  oxidation  rates,  studios 
have  also  been  made  of  the  hydroperoxide  concentration  of  tetralin 
oxidized  xn  the  presence  of  cobalt  acetate.  In  ordnr  to  establish 
tho  dependence  of  the  steady  concentration  of  hydroperoxide  on 
tetralin  and  cobalt  acetate  concentrations,  peroxide  determinations 
wore  made  according  to  the  initial  rate  method  described  in  the 
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cxperiTnental  section.  -As  previously  stated,  these  studies  -vrero 
mdo  by  adding  pure  tetralin  hydroperoxide  to  tetrolin  in  acetic 
acid  containing  cobalt  ion  and  determining  after  a short  time 
interval  the  relative  increase  or  decrease  in  peroxide  vnluo  of  tho 
oxidizing  system.  By  this  procedure  it. was  possible  to  eliminate  the 
experimental  diffioultios  encountered  by  Bavm  and  oo^orkers  in 
determining  the  steady  peroxide  concentration  of  oxidizing  hydrocarbons 
in  the  precence  of  cobalt  ion,  wherein  a gradual  destruction  of  the 
cobalt  activator  (possibly  by  water  formed  during  reaction)  led  to  a 
progressive  upward  drift  of  the  steady  concentration  of  hydroperoxide.  . 
The  gradual  decrease  in  tho  activity  of  the  cobalt  ion  is  not  reflect- 
ed in  the  rates  of  oxidation,  however,  since  these  rates  are  independ- 
ent of  tho  activator  concentration,  oq.  (5). 

In  Figures  X and  XI  are  plotted  logarithmically  the  values  of  the 
steady  ooncentrations  of  hydroperoxide  versus  totralin  concentration 
and  cobaltous  acetate  concentration,  respectively.  These  studies 
were  carried  out  at  50"C.  under  reaction  conditions  identical  with 
the  oxygon  absorption  measurements. 

In  agreement  v/ith  equation  (4),  the  steady  ooncentration  of 
hydroporoxide  is  proportional  to  tho  square  of  the  totralin  oorcon- 
tration  and  inversely  proportional  to  tho  square  of  the  cobalt 
acetate  concentration.  The  inverse,  bouare  dependence  on  cobalt 
concentration  (n=*2  in  equation  4)  indicates  that  the  dooompositiou 
of  tetralin  hydroperoxide,  activated  by  cobalt  ion,  is  soconcl-ordor 
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with  respect  to  the  cobalt  concentration.  An  independent  verifica- 
tion of  the  order  of  reaction  involved  in  the  cobalt  activated 
docompoBition  of  tetralin  hydroperoxide  rtaiy  be  obtained  from  direct 
study  of  this  decon^iosition  under  non^oxidizing  conditions. 

Accordingly*  the  rates  of  deooP5>oBition  of  totralin  hydroperoxide  in 
acetic  acid  containing  benzene  (to  simulate  tho  tetralin  molecule 
without  subsequent  oxidation)  and  cobalt  acetate  have  been  determined 
at  60*C.  As  shotm  in  Figure  XII,  the  decomposition  of  tetralin 
hydroperoxide  adheres  to  a first-order  plot  do'.vn  to  90S?  decomposition 
of  hydroperoxide  and  the  rate  of  decomposition  of  peroxide  incroasos 
with  the  cobalt  concentration,  ^ho  fact  that  the  cobalt  acetate 
serves  as  true  activator  and  is  not  destroyed  by  the  hydroperoxide 
is  derronstrated  by  the  fact  that  the  decompositions  wore  run  at 
initial  molar  ratios  of  cobalt  acota-ce  to  peroxide  as  lov?  as  1 to 
150.  In  the  absence  of  cobalt  icn,  tho  dooonposition  of  totralin 
hydroperoxide  at  SO^C,  is  negligibly  S’^all,  From  a logaritlmic  plot 
of  the  decomposition  rate  of  peroxide  versus  the  cobalt  acetate 
cmcentration  given  in  Figiure  XII  it  is  seen  in  Figure  XIII  that  the 
decomposition  is  secend-ordor  v,'itli  respect  tc  the  cobalt  concentration. 
The  cobalt  acetate  concentration  employed  in  the  study  of  hydroperoxide 
decomposition  was  in  the  same  concentration  range  as  that  employed  in 
the  oxidation  studies.  At  higher  c/noentrations  of  cobalt 
(6  X 10~^m/l.)  tho  slope  of  the  line  represented  in  Figure  XIII 
diminishes  tov/ard  a value  of  unity.  The  decomposition  of  tetralin 
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hydroperoxids  activated  by  cobalt  acetate  my  therefore  be  roprosonted, 
in  the  cobalt  concentration  range  emplcyed,  by  the  expression: 

-djHOO^/dt  « KlBOOfll  (6) 

Thorml  Oxidations 

The  rate  of  thermc.1  oxidation  of  pxjre  tetre.lin  at  elevated 
temporaturee  is  shovm  in  Figure  117.  Continuation  of  the  runs  shown 
in  this  Figure  to  hi^or  extents  of  oxidation  are  not  possible  since 
the  system  ceases  to  oxidise  shortly  after  the  time  of  the  last  point 
given  for  the  runs  at  each  tompernture.  This  effect  is  demonstrated 
- in  Figure  XV  for  oxidations  at  several  concentrations  of  tetralin 
since  it  is  noted  that  the  ciurvea  pass  through  a steady  region  of 
oxidation  and  then  diminish  rapidly.  It  is  soen»  however,  that  the 
steady  rate  is  proportional  to  the  square  of  the  tetralin  concontra- 
tion  as  shown  in  Figure  XVI,  This  dependence-  has  also  been  noted  by 
several  other  workers'^’  , At  first  si^t  it  might  be  assumed  that  the 

7 

thermal  oxidation  of  tetralin,  in  the  steady  rate  stage  of  oxidation, 
oan  be  expressed  by  the  maximum  rate  equation  (5),  It  has  beer 
obsejrved,  however,  that  the  aeditien  of  small  amounts  of  hydroperoxide 
to  tetralin,  during  the  course  of  an  oxidation  run,  markedly  acceler» 
rtes  the  rate  of  oxygen  absorption.  Determination  of  the  concentra- 
tion of  hydroperoxides  during  the  oxidation  of  the  hydrocarbon  gave 
no  indication  of  tho  occurrence  of  a steady  concentration  of  hydro- 
peroxide (the  peroxide  content  increases  v/ith  time  of  reaction  until 
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“the  oxygen  absorption  passes  throu^  the  steady  state  region)  as 
predicted  from  theory.  In  addition,  it  will  be  shewn  in  tho  next 
section  that  the  steady  rate  of  thermal  oxidrtion  of  tetralin  is 
ocnaidorably  slower  than  ttxo  maximum  rate  of  oxidation  measured  by 
other  modes  of  initiation^*  On  the  basis  of  the  evidenoeJ;hus  far 
accumulated,  it  would  seem  that  tho  thermal  oxidation  of  totralin  is 
accompanied  by  the  sinultuneous  formation  of  an  inhibitor.  In  fact, 
extensively  oxidised  tetraXin  can  bo  used  in  small  arriounts  to 
inhibit  the  oxidation  of  freshly  distilled  teiaraiin.  Robertson  and 
Waters®  have  demonstrated  that  '^•-o-hydroxyiAienylbutyric  acid  III  is 
formed  as  one  of  the  minor  products  of  tetralin  oxidation,  probably 
aa 


COOH 


IT-G-Hydroxyphonylbutyric  Acid 
III 

a consequence  of  peroxide  doc  imposition,  and  thf.t  this  compound 
functions  as  a good  inhibitor  for  oxidation. 

Studies  on  the  dotemination  of  the  stoady  concentration  of 
hydroperoxide  in  the  thermal  oxidation  of  tetralin  using  the  initial 
rate  technique,  are  presented  in  a Irter  section. 
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Cornparlson  of  Oxidations  Initiated  by  Various  Agencies 

A direct  correlation  between  the  rates  of  tetralin  oxidation 
initiated  by  BSO2  or  AZBN  and  oxidation  activated  by  cobalt  acetate 
tray  be  readily  presented.  If  the  rate  expression  given  in  equation 
(2)  for  the  free  radical  catalyzed  oxidation  is  squared  and  divided 
by  2,  the  fallowing  is  obtainedt 

I J^itiatorJ  (7) 

where  ej^  is  taken  at  the  theoretical  value  of  2,0^ 

Division  of  both  sides  of  equation  (7)  by  the  velocity  of  initiation 
(ky  IjnitiatoiQ  ),  gives* 

_ =»  ' ■ (8^ 
2ky  ^nitiatorj  2 kg 

It  is  noted  that  the  term  on  the  right  hand  side  of  equation  (8) 
corresponds  to  the  maximum  rate  expression  derived  for  autoxidations 
activated,  by  cobalt  acetate  (equation  5), 

The  v*elooity  of  initiation  of  oxidations  in  the  presence  of 
BzOg  or  AZB^  can  be  calculated  from  Bawn  and  Melish’s  data  for  the 
decomposition  of  these  two  compounds  in  benzene  solvent.  Therefore 
it  is  possible  to  directly  calculate  the  right  hand  term  in  equation 
(8 ) and  compare  the  value  obtained  with  the  corresponding  value  for 
the  maximum  rate  of  oxidation  using  cobalt  activated  initiation. 

The  numerical  values  are  summarized  in  Table  III, 
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TABLE  III 


Comparisc: 

T*  of  Me-xiimim  Rates 

of  Oxidation®’ 

Tsnp# 

Calculated 

Observed 

Bt02 

— ms 

CoAc2 

Thermal 

60.0 

1.5 

61^5 

3.4 

4.6 

4.1 

m 

6$,(^ 

8,6 

8i2 

5.9 

0.0155 

'%3ciTnun  rat©  of  oxidation  x lO^m/l/eeo. 


At  all  thr*}©  tenpeiraturos  studied,  the  agreement  betfreen  the  two 
oaloulatod  values  of  the  noxiimm  rate  of  oxidation  and  the  observed 
value  for  cobalt  acetate  activated  oxidation  is  very  close.  The 
value  for  the  rate  of  oxidation  measured  for  the  thermally  oxidised 
tetralin  is  on  the  order  of  500  to  700  times  sriRller  than  the  other 
values.  As  previously  noted  this  discrepancy  can  perhaps  be 
attributed  to  the  formation  of  inhibitors  during  the  course  of 
oxidation. 

Comparison  of  Activation  Energies t 

The  temperature  dependence  for  the  AZECI,  BZO2  and  cobalt 
activated  oxidation  of  tetralin  is  shown  in  Figures  XVII-XIX, 
respectively.  The  overall  activation  energies  can  be  determined 
for  each  systew  from  plots  of  the  log  rate  vs.  the  reciprocal  of 
absolute  tomporature  as  shown  in  Figures  XX  rjad  XXI.  Figure  XXI 
also  includes  the  data  on  the  tomperature  dependence  for  the  steady 
concentration  of  hydroperoxide  (JJOOH J ct>  rate  of  cobalt 
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iLotlVated  deoompoBition  of  totralin  hydroperoxide..  The  la-fcter  data 
are  taken  from  the  i^te  noasuroments  shown  in  tigvire  XXII. 

In  the  case  of  the  Bt02  or  AZM  initiated  oxidation,  the  overall 
activation  energy  (Eq)  from  equation  (2)  is  given  by  the  following 
ds^ressions 

Eq  " ^ (®) 

where  £3,  Eg  % o-re  the  activation 

energie's  of  the  corresponding 
rata  constants  given  in 
mechanism  (A). 

end  for  cobalt  acetate  activated  oxidation,  the  overall  activation 
energy  (E^*)  from  equation  (6)  is  given  by  the  exprossionj 

Eo’  - 2B3-E6  (10) 

where  E3  and  S0  are  the  activation 
energies  of  tho  corresponding 
rate  constants  given  in 
mechanism  (L), 

-•r 

Equation  (9)  may  be  readily  transformer',  to  yield  the  expressi.oni 

Eo  - -sEy  - E3-IE6  (11) 

The  magnitude  of  (Eg-'g^Bg)  in  equation  (ll)  should  be  equal  to  one- 
half  the  magnitude  of  E^^*  given  in  equation  (lO),  A comparison  of 
(Eg-^g)  for  tho  three  systems  as  v«rell  as  the  value  calculated  from 
the  data  of  Bamfcrd  and  Uev/ar®  for  photo-sensitized  oxidation  is 
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given  ic  Table  IV, 


TABLE  17 


Mode  of  Initiation 

E7^^*^(Ical8.) 

Eodoals.) 

Bs*4S6(Scals.) 

of  Oxidation 

AZBW 

30.7 

24.2 

8.8 

BSO2 

29.6 

26.6 

10.8 

oobaltous  aoetate 
photoseositised^® ) 

m 

- 

8.2^.6 

- 

- 

4.3 

Whereas  the  values  for  (£3«|S@)  arc  consistent  for  the  three  systetns 
presented  in  this  article,  the  values  are  approxinately  two-fold  great- 
er than  that  obtained  by  Bamfcrd  and  Dewar,  This  discrepancy  nay 
perhaps  be  attributed  to  the  fact-  that  these  authors  performed  their 
studies  at  only  two  teir5>3rat\ircs  in  order  to  determine  activation 
energies..  It  should  be  pointed  out,  however,  that  Bamford  and  Dewar 
performed  direct  measurements  of  the  rate  constants  of  the  individual 
steps  in  tneohanism  (A)  and  this  procedure  may  have  avoided  errors 
inherent  to  the  other  three  methods  of  measureT^ent, 

It  is  also  of  interest  to  co*rpore  the  activation  energy  for  the 
cobalt  acetate  aotivnxed  decomp.ositicr.  of  totrr'lin  hydroperexido 
when  determined  by  direct  measurement  or  oaloulrtcd  from  the  overall 
tempers. ture  dependence  for  t^nd  |R00hJqcj» 

overall  aotivaticn  energy  for  Pd JOgJ/dtj^y,  is  given  by  equation 
(10)  and  the  overall  aotivition  energy  for  ^OOeJq^,  (%)»  from 
equation  (4)  is  given  by  the  expression: 
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Eg  * 2E5  - Eg  - Ei* 


(12) 


where  E3,  £5  and  E^’  are  the  activation  . 
energies  of  the  corresponding  rate 
constants  given  in  nechanism  (D). 

If  Eg  is -subtracted  from  the  difference  is  simply  the  activa- 
tion energy,  E^*,  for  the  metal  catalyzed  breakdown  of  tetralin 
hydroperoxide.  The  values  for  Eg  and  E^’  ore  given  in  Figure  XXI 
along  with  the  value  for  E^'  measured- directly  from  studies  of  the 
oobalt  acetate  activated  decomposition  of  tetralin  hydroperoxide. 
The  activation  energy  values  are  summarized  in  Table  V, 

TABLE  V 


Aotivation  Eaergies  (Kcals . ) 


2o*  ■ % 

El’  ! 

^ i 

^ 1 

1 

16.4^1.1 

-7, 6^2. 9 

Observed  | Calculated  | 

j (Eo’-Eh) 

21.2-0,9  f 24.0-4,0 

1 1 

Considering  the  margin  of  error  in  the  calculated  value  of  Ej^*» 
the  agreement  between  the  t-nro  values  is  good. 

It  is  interesting  to  noto  that  the  overall  activation  energy 
for  ihe  steady  concentration  of  hydroperoxide  is  a negative  quantity 
(Eg»-7.6  Kcals,),  This  arises,  of  course,  fro’^  the  fact  that  |R00^qjj 
decreases  with  increasing  temperature  of  oxidation*  It  would  be  of 
considerable  interest  to  investigate  oxidations  of  tetralin  activated 


"by  other  r-at:  1 coTiplexes  T/here  Ej^’  would  be  sufficiently  s’nall  to 
enable  the  value  for  Eg,  as  defined  in  equation  (12),  to  be  positive. 

In  such  cases,  [roOhJ  would  increase  v/ith  increasing  temperature 
of  oxidation*  The  binioleculnr  reaction  of  ferrous  ion  with  cumene 
hydroperoxide,  for  example,  is  a one-electron  transfer  process  ivith 
a measured  activation  energy  of  12.0  Reals  , • In  this  case,  however, 
the  ferrous  ion  reacts  with  the  hydroperoxide,  mole  for  mole,  whereas 
the  decomposition  of  tetralin  hydroperoxide  activated  by  cobalt 
acetate  in  acetic  acid  is  of  an  obviously  more  complex  naturo  since 
the  moles  of  hydroperoxide  decomposed  is  considerably  in  excess  of 
the  moles  of  added  cobalt  ion.  On  the  other  hand,  it  has  been 
demonstrated'*’  that  many  o-ther  ne-tal  complexes  can  promote  the 
decomposition  of  large  excess  of  cumene  hydroperoxide.  These  agencies, 
ho7/ever,  have  not  been  studied  as  acti'vators  for  oxidation  reactions 
in  the  present  work,  • 

Robertson  and  Waters®  have  briefly  studied  the  kinetics  of  the 
thermal  ;ieccTnposition  of  tetralin  hydroperoxide  in  totralin  in  the 
range  88*  to  136*C.  At  lov.'  pcroxicc  concentrations,  the  decomposition 
reaction  is  essentially  unimolecular  and  exhibits  an  activation 
energy  of  24.4  Reals,  This  activation  energy  "valuo  seems  particularly 
low  for  the  straight -fcrivard  uniTnolocular  decomposition  of  the  hydro- 
peroxide since  the  0-0  bond  energy  of  o'fcher  organic  peroxides  and 

(16)  R.J,  Orr  and  H.L,Williams,  Can.  J,  Ghcm,  985  (1962), 

(17)  J.W.L.  Fordham  and  H.L.  Williams,  Can.  J.  of  Resoorcli,  B28, 

551  (1960). 
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hydroperoxides  is  found  to  be  on  the  order  of  30-38 

An  attempt  has  been  made  to  determine  the  activation  energy  for  the 


theime.1  dec  jTtipceition  of  tetralin  hydroperoxide  by  the  initial  rate 
technique  employed  for  measurements  cf  j^ROOH^^  • These  studies 
were  made  on  mixtures  of  tetmlln  and  tetralin  hydroperoxide  in  di- 


phenyl oxidised  in  the  range  145*  to  172^G.  By  determination  cf 
(KORjaa  at  several  tenq>eratures  and  assuming  that  the  peroxide 
decomposition  is  strictly  uniraoleoular,  the  overall  activation  energy, 
E^,  for  {ROOFlJ^yj  can  be  written  as  (compare  eq,  12); 


Et  " 2Eg  - Eg  - El 


(13) 


where  refers  to  the  activation  energy  for  the  tjnimclooular  decom- 
position of  tetralin  hydroperoxide  in  tetralin  solvent  in  the  absence 
of  metal  activators.  The  measured  value  for  E^  is  -19.7  Koala,  as 
shovm  in  figure  XXIII.  rfhen  this  value  is  substituted  in  equation 
(13),  along  with  the  average  value  of  16.6  Koals.  for  (2E3-Eg)  from 
Table  IV,  the  magnitude  of  E^  is  found  to  be  35.7  Reals,  Although 
this  value  more  closely  approximates  the  expected  activation  energy 
for  tho  lajpture  of  the  0-0  linkage  in  an  organic  hydroperoxide,  tha.n 
the  vr.lue  of  Robertson  and  rfaterg,  nevertheless  the  exporinentel 
determination  involved  several  uncertainties  and  the  value  my  be  in 
error.  The  first  ’jncertainty  is  experimental  r.nd  is  due  to  the 

(18)  (a)  J.H. Raley,  F.F.Rust  and  W.E.Vaugh^'-n,  J.Am.Chem.Soc,,70, 

88  (1948). 

(b)  w.sswarc  and  J.S. Roberts,  J.Chem .Phys . , 18,  561  (1950). 

(c)  R.E.Rsbbert  and  K.J.lAiiler,  J, Chem. Phys . , 20,  674  (1952), 

(d)  J,W,L.Fordham  and  H,L,Willic.ms,  Can.  J, Research, B37, 943 (1949) , 


relatively  long  times  required  for  the  reactants  to  reach  bath 
temperature  (150*  to  172*)  in  an  initiELl  rate  experiment.  The  second 
uncertainty  ooncems  the  application  of  the  initial  rate  technique  to 
a hydrocarbon  system  in  which  the  order  of  the  hydroperoxide  decorrgposi- 
tlon  reaction  can  be  altered  by  induced  chain  decomposition  and  whore 
the  hydrocarbon  oxidation  rehetion  is  recegntted  to  produce  a self- 

4 

inhibitor.  It  should  be  pointed  out,  ho;vever,  that  while  the  break** 
down  of  peroxides  may  exhibit  chain  induced  decompositions  in  6ome 
solvents,  in  the  presence  of  other  solvents  (e.g.  polymerisable 
monomers)  the  radicals  formed  from  the  initial  breakdown  cf  the 
peroxide  are  repidly  converted  to  solvent  tj^e  radicals  which  do  not 
cause  induced  decomposition.  The  decf-mposition  of  hydroperoxides  in 
solvents  such  as  tetralin  which  undergo  reaction  with  oxygen  may  also 
exhibit  a repression  of  induced  doo.mpcsition. 


SUV?«.RY 


Studies  ha-re  been  performed  on  the  liquid  phase  oxidation  of 
tetralin.  The  kinetics  of  the  reaction  have  been  specified  for 
oxidations  initiated  by  free  radical  producing  compounds  (benzoyl 
peroxide  and  aso^bis-isobutyronitrile)  and  by  a hea-vy  metal  ncti-vn- 
tor»  oobaltous  acetate.  It  is  demonstrated  that  the  oxidation 
reactions  initiated  by  these  agencies  are  uniquely  related  and  adhere 
to  the  maximum  rats  theory  pre-vlously  proposed  for  hydrocarbon 
autoxidation.  The  thermal  oxidation  of  tetralin  at  ele-vatod  tempera- 
tures is  accompanied  by  the  formation  of  self-inhibitors  -v?hich 
markedly  repress  the  react! ->n.  The  oxidation  in  the  prosenco  of 
cobalt  «oetate  gives  rise  to  the  fonnation  of  steady  concentrations 
of  tetralin  hydroperoxide.  The  dependence  of  the  steady  concentration 
of  hydroperoxide  on  teirpirature  of  reaction  and  concentration  of  rc- 
actants  has  been  measured  by  an  initial  ra,to  technique.  From  this 
study  it  is  possible  to  define  in  greater  detail  the  oxidation 
reaction  as  -well  as  the  initiation  step  involving  the  decomp-jsition 
of  the  hydroperoxide. 
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Fig'ore  1 - Oxygen  Abjorpticn  Apparatus  - Legend 
A ••  Ohaker  ^Aator 
B " Shaker  Arm 
C-  Shaker  Switch 
D - Thermo  Regulator 
E - Reaction  Flask 
F - Ground  Glass  Stopper 
G - Shaking  Rack 
H Rubber  Tubing 
I - Heating  Coil  (Coarse) 

J - Heating  lAmp  (Fine) 

K - Oxygen  Reservoir  (500  ml.) 

L - ’’Lightning”  Stirrer 
If  . Parrafin  Oil 

0 - f'fetal  Bath  (Galvanized  Iron) 

P - Asbestos  Board  Insulation  (a"  thick) 

0,  - Capillary  Tubing  (i.d.  2 mm.) 

R - Thnometer 
S - ’fenometer  Scale 

T - Gas  Burette  (100  ml.,  0.1  ml.  graduations) 

U ~ Corstant  Temp.. '.Vater  Jacket 
V - *%rcury  Bulb 


W - Pressure  Release  Tube 

X - (Pressure)  Release  Valve 
(Tfercury) 

Y - To  Relay 

Z - To  Powerstat 

AA  - To  Vacuum  Pump 

BB  - To  Oxygen  Supply 

1-6  - Stopcocks 


Figure  3 


OF  TETRALD!  AT  50*C, 

. Log  AZM  Concentration 
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Figure  4.  ■ 


OXIEATTOIJ  OF  TSTRALIN  INITIATED  BY  AZBN  AT  50“  C. 
Rate  vs.  Tetralin  Concentration 
(AZBN  =*  0.0105  m/l  in  Chlorobenzene) 
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Figure  ii 


«XIDA.TIC»I  OF  TFTRA.LEJ  AT  50 "C.  ACTIVATED  BY  COBALT  ACETATE 


Rate  vs.  Added  ROOH  Concentration 
(CoAc2  =*  0.001,  Tetralin  = 5.67  n/l  in  HAc) 
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Figtire  8 


OXIDA-TIffil  OF  TETRALTF  AT  50 *C.  ACTIVATED  EY  COBALT  ACETATE 
Rate  vs,  Tetralin  Concentration 
(CqAc2  = 0.002  m/l  in  HAc) 
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Fl^e  9, 

OXIDATIOM  OF  TETRAL3J  ACTIVATED  BY  COBALT  ACETATE  AT  50*C. 


Los"»%xiTnum  Rate  vs.  Lof  Tetralin  Concentration 
(CoAc2  “ 0.002  m/l  in  HAo) 
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Figure  10 


0XIDA.TKXT  OF  THTRilLB!  ACTIVATED  BY 
COBALT  ACETATE  AT  50"C. 

Log(ROOH)^^  vs. 

Log  I'etralin  Concentration 

(CaAc2  0,002  n/l  in  H?».c) 
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Figure  11 


OXIDilTIC?/  0?  TETR/ILIW  AT  50  "C. 


Log(ROOH).,-  vs. 

Log  OoAcr,  Concentration 

(Tetralin  =»  1.22  "'/l  in  Hkc) 
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Figure  12. 


DECO>*POSITIGIT  OF  R0OH  ACTIVATED  BY  COBALT  ACETATE  AT  50*C, 
(ROOHq  =*  0.04  m/l  in  HAc  - C0Hg) 
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Figure  IS  4 

DECOTOSTTIOR  OF  ROOtl  ACTIV/.TED  BY  COBALT  ACETATE  AT  60"C. 
Log  Rate  vs.  Log  Coiic2  Concentration 
(ROOHq  =*  0.04  rn/l  in  HAc  - CgHg) 
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Figure  14 


THERWIL  OXin-'.TION  OF  TSTFuiLIN  AT  VARIOUS  TS»TSRATimES 
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THERMAL  OXIQATia;  Oi  lETR^LK  AT  111*';* 


Rate  vs.  Tetralin  Concentration  in  Diphenyl 
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THSRHvL  OXia\TIOT:  OF  TETR\LT!J  AT  111*'!.  HI  DIPHQTYL 
Steady  Fate  vs,  (Tetralin) 
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Figure  17. 


OXmMIOt^  Or  TETR<VLEi  I’^UTLiTED'  BY  AZBN  AT 
VAHIOUS  TE'^ERkTURES 

(AZBIi  =•  C.C147  n/1) 
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Figure  18 
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OXIIlfvTION  OF  T'TTRALDI  UmL’-TED  BY  BSSZOYL  PEROXIDE 
AT  Various  te''Ftratures 

(Ez02  =•  0.0147  T-'./l) 
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Figure  19, 


OXIDtlTICT'  OF  TETR\LE'  ACTIVATED  BY  COB/MJ  ACETATE 


Rate  vs.  Terr^perature 


(CqAc2  ■ 0.002,  Totralin  " 1.22  n/l  in  HAc) 
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FIGURE  21. 


TE»'P2RATURU  DEFZT’DEIIOISS  FOR  THi:  OXiaiTIOM  OF  TUTR.LK 
ACTIVATSL  BY  COB/iLT  ACETATE 
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Figure  22 


DBCO^<POSITION  OF  ROOH  ACTIVATED  BY 
COB:\LT  ACETAT'’  AT  VARIOUS  TE’T'ER/iTTJRES 

(ROOHq  =•  0.04,  CoAcg  =»  0.002  ’^/l  in  HAc) 
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Figure  23 


A'.'TOXm.TIOX’  OF  TITTR^T-I*' 


lof  (ropfJ  vs.  V:’x* 
(Gone.  RH  =•  0.345  n/l  in  >iphenyl) 


0.20  > ■ 
1 


0.10  h 


I 

t 


0.05 


t- 


I 

if 


2^  - -19.7  Kca/S/mole, 


0.02  '• 


J 

2.25 


J- 


2.30 


2.35 


2.40 


